Twenty-four healthy students walked at least four times for 1 hour under each of the four settings: by a busy road; by a busy road wearing ear plugs; in a park; and in a park but exposed to traffic noise (65 dB) through speakers. Particle mass (smaller than 2.5 and 1 µm, PM1 and PM2.5, (respectively)particle number and noise levels were measured throughout each walk. Lung function and exhaled nitric oxide (NO) were measured before, immediately after, 1 hour after, and approximately 24 h after each walk. Blood pressure and heart-rate variability were measured every 15 min during each walk. Air pollution levels reduced lung function levels; noise levels reduced systolic blood pressure and heart-rate variability.
Introduction
The acute effects of air pollutants have been demonstrated repeatedly in respiratory [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and cardiovascular patients [16] [17] [18] [19] [20] [21] . Such panel studies have been performed in the elderly [22] [23] [24] [25] and in areas with high air pollution [1, 14, [26] [27] [28] [29] [30] , but less so in young and healthy people in settings with moderate to low air pollution levels [31] [32] [33] [34] [35] [36] [37] [38] [39] . We recruited healthy students from Vienna to study the physiological reactions of the cardiovascular and respiratory systems when exposed to everyday urban air pollution.
Materials and Methods
Twenty-four healthy students walked at least four times for 1 hour under each of the four settings: by a busy road; by a busy road wearing ear plugs; in a park; and in a park but exposed to traffic noise (65 dB) through speakers. Particle mass (smaller than 2.5 and 1 µm, PM2.5 and PM1, respectively, particle number and noise levels were measured throughout each walk. PM1 and PM2.5 were measured using a Grimm Portable Laser Aerosol Spectrometer Model 1.108. To measure particle numbers (PN), a miniature diffusion size classifier (miniDiSC, http://www.fierz.ch/minidisc/) was used. Concentrations were stored for each 6-second interval. Noise was measured with a Brühl and Kjaer sound level meter-type 2236. Every 15 min, the equivalent continuous sound level was noted and the instrument was reset.
Spirometric lung function and exhaled nitric oxide (NO) were measured before, immediately after, 1 hour after, and approximately 24 h after each walk. Spirometry was performed using an EasyOne spirometer (ndd Medizintechnik AG) in an upright standing position, applying a nose clip as follows standard procedures [40, 41] . The level of NO in the exhaled air [42] was measured using the portable instrument NObreath (Bedfont Technical Instruments Ltd., Maidstone, UK).
Blood pressure and heart-rate variability were measured every 15 min during each walk. To measure heart-rate variability, the mobile ECG device eMotion Faros was used. ECG files were analyzed over windows of 15 min each with the Kubios software version 2.2.
Temperature readings were obtained from a nearby stationary meteorological station. Data on the fine particle (PM10) background concentration were also obtained from a nearby fixed monitor operated by the City of Vienna (station near the general hospital-AKH).
The data of respiratory and cardiovascular markers were entered in two separate files for further statistical analysis. In this study setting, each participant serves as his own control. Respiratory parameters (immediately after, 1 h after, and approximately 24 h after the exposure) were assessed per participant, with single air pollution markers serving as independent variables applying randomeffects generalized least squares (GLS) regression. Fixed-effect models gave mostly very similar results and the Hausman test was mostly not significant. In the two adjusted models, either the same respiratory marker or NO in exhaled air before the exposure were included in the model to characterize unmeasured influences.
Cardiovascular markers were assessed every 15 min separately, again using random-effects GLS regression. Exposures in the preceding 15 min (noise and dust) served as independent variables. Temperature was included in the models as a confounder.
All calculations were conducted with STATA SE Vers. 13.1 [43] .
Results

Participants and Exposure
In the first run from December 2016 until May 2017, 20 students (11 male, nine female) with an average age of 24 years (range 21-33 years) had, on average, 20 1-hour walks (range . They were all non-smokers and were reported to be healthy. In the second run, four more students were recruited. They underwent the same procedures in May and June 2018.
Air pollution and ambient noise were higher near the street but were not correlated with each other due to different time trends. Individual noise exposure was further de-coupled from ambient conditions by design. Particle measures correlated well with each other and with the mass of particles smaller than 10 µm (PM10) at the nearby fixed monitoring station (R-values for all particle mass measured >0.9). Either personal exposure concentrations were actually higher than the concentrations at the fixed monitoring station, or the aerosol spectrometer overestimated particle mass concentrations systematically. As an example, hourly values of PM2.5 measured with the spectrometer and PM10 measured at the fixed station displayed a correlation coefficient of 0.96. A linear regression model with PM10 at the fixed station and the setting (road versus park) explained 92.5% of the variation in PM2.5. In this model, the difference between the road and the park was significant (p = 0.016) but not very large (4.2 µg/m³). The slope (ß of PM10) at the fixed station was 1.57 (p < 0.001). Table 1 describes the range of exposure for PM10 at the fixed station and the personal exposure measured as PM2.5 and PN. Due to the high correlation between the particle mass values, only PM1 from the personal monitoring and PM10 from the fixed site (controlling for setting-road versus park) were further analyzed for health effects. In addition, personal particle number concentrations (R with mass concentrations between 0.72 and 0.77) were investigated. After controlling for seasonal and daily trends, the ambient noise levels at the road were approximately 10 dB louder than in the park. These ambient noise levels were partly overruled by ear plugs and/or speakers. The average sound pressure level, LAeq, was about 56 dB at the road. At the road wearing ear plugs, noise was assumed to be 30 dB lower. In the park it was measured to be about 46 dB, and the speakers were set to 65 dB.
Air Pollution and Respiratory Health
Air pollution levels reduced lung function levels. Measures of large airways resistance like FEV1 were reduced immediately after the walk, while measures indicative of the small airways like MEF25 remained low even 24 h later (Figure 1 ). Exhaled NO was significantly reduced immediately after and 1 h after the walk with increasing dust levels. After controlling for background dust levels, walking beside the road increased NO 24 h later ( Figure 2 ). The background reflects the average exposure at that time for a longer period (and thus also affects NO before the setting) while the setting is added to the background exposure for a short and defined period of 1 h.
Air Pollution and Noise Effects on Cardiovascular System
Noise levels reduced systolic blood pressure and heart-rate variability (Figure 3 ). Temperature also had a clear effect on cardiovascular parameters but did not confound the noise effects. Air pollution effects were less pronounced and were not very consistent (data not shown).
As in the previous sub-chapter, only examples that are typical and representative for effects on other parameters can be presented. Blood pressure was measured at the end of each period, while ECG readings were taken over the whole period.
Discussion
Exposure near a busy road causes statistically significant respiratory and cardiovascular reactions, even in healthy young adults. The effects were reversible and generally not very severe, but nevertheless clear and consistent.
Exhaled NO originates from different sources [44] [45] [46] . It is secreted by epithelial cells, inducing relaxation of the smooth muscle cells in the bronchial walls. This secretion is inducible and is a reaction after reflective muscular narrowing of the airways. An irritant stimulus will, at first, lead to increased muscle tone and thus, after a very short interval, lead to increased airway resistance. This resistance will be released by NO; therefore, increased NO will predict a lower airway resistance in the near future. NO also serves as a messenger molecule in inflammatory processes. Here, it is mostly involved in eosinophilic inflammation and signifies allergic asthma (thus increased bronchial reactivity and likely also increased airway resistance). Epithelial cells capable of producing NO can be compromised during (neutrophil) inflammation and by some toxic substances, e.g., cigarette smoke. Therefore, smokers generally have lower NO levels and, after the smoking of cigarettes, NO is further reduced.
NO might relax smooth muscles and thus reduce airway resistance. However, NO in the tissue acts as an oxidative stressor and thus contributes to an inflammatory response secondary to the reflective muscular response to an irritant. Therefore, after a certain delay, higher NO levels might predict an increase in airway resistance again.
These different and complex pathways make the interpretation of NO in a panel study a challenge. Timing is essential and even with our repeated measures (before, immediately after, 1 h after, and 24 h after a defined exposure of 1 h), we were not able to fully capture the complete time course. Considering both the background pollution levels that may better represent the longer-term average exposure and the effects per setting which, by design, lasted only for 1 hour, we could further disentangle the temporal variation. In that endeavor, we were hindered by the finding that the differences between settings were small compared to the differences in background exposure over time.
Nevertheless, we were able to demonstrate reduced NO levels due to higher background exposures, indicative of toxic damage to epithelial cells and increased levels of NO with 24 h latency after a 1-hour acute exposure indicative of inflammatory response. Reduced lung function led to an increase in NO levels, and higher NO levels were indicative of increased lung function levels at the next measurement point.
Effects on the larger airways signified by, for example, FEV1 were seen immediately after exposure, likely indicative of a muscular reflex response. Effects on the small airways signified, for example, by MEF25 persisted for 24 h, likely representing inflammatory responses that might be clinically more relevant.
Lung function values mostly remained in the physiologically normal range. This is not surprising considering the comparatively low exposures and the generally healthy state of the participants. We observed effects during everyday activities in everyday settings; therefore, massive detrimental health effects were not expected. However, it seems noteworthy that even under these conditions, even in young and healthy subjects, and even with a comparatively small number of subjects and a moderate number of repeated observations, most effects reached or at least approached significance. While acute effects shortly after exposure are likely physiological protective reactions under nervous control, the longer-term changes most clearly seen in the end-expiratory flows, and thus indicative of an increase in resistance in the small airways, are likely caused by inflammatory tissue responses and thus are a cause for concern. Even small effects, when accumulated over the years, will in the long run hasten the functional decline of the respiratory system.
Cardiovascular effects were mostly observed in relation to noise levels. These effects remained even after controlling for temperature, which was the most important predictor of heart rate, heartrate variability, and blood pressure. Also, these effects remained in the physiological range which was to be expected. Again, even the subtle effects of everyday exposure during everyday activities can still be of concern in the long turn.
Other acute effects of air pollution have also been demonstrated in some panel studies, notably on glucose metabolism [47, 48] and inflammation [49] . However, we are confident that we have covered the most important endpoints, including respiratory [50] and cardiovascular [51] [52] [53] [54] effects.
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